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SIMULTANEITY AND THE CONCEPT OF ‘PARTICLE’
CARL E. DOLBY
Department of Theoretical Physics, 1 Keble Rd, Oxford OX1 3RH, U.K.
E-mail: dolby@thphys.ox.ac.uk
The history of the particle concept is briefly reviewed, with particular emphasis
on the ‘foliation dependence’ of many particle creation models, and the possible
connection between our notion of particle and our notion of simultaneity. It is
argued that the concept of ‘radar time’ (originally introduced by Sir Hermann
Bondi in his work on k-calculus) provides a satisfactory concept of ‘simultaneity’
for observers in curved spacetimes. This is used to propose an observer-dependent
particle interpretation, applicable to an arbitrary observer, depending solely on
that observers motion and not on a choice of coordinates or gauge. This definition
is illustrated with application to non-inertial observers and simple cosmologies,
demonstrating its generality and its consistency with known cases.
1 Introduction
In this conference we have heard illuminating discussions of various aspects of the
role of time in physics, and the conceptual tension that often surrounds it. One well-
known tension is between the ‘effectively absolute’ role that time plays in quantum
mechanics, and the role it plays in general relativity, where it is just one coordi-
nate in a covariant theory. My contribution to these proceeding will discuss the
problem of particle creation in gravitational backgrounds, and in accelerating refer-
ence frames. In so doing I hope to shed some light on the aforementioned tension,
and also to describe a fascinating connection that exists between our concept of
simultaneity, and our concepts of ‘particle’ and ‘vacuum’.
The first prediction of particle creation in gravitational backgrounds came in
1939 when Schro¨dinger1 predicted that if the universe is expanding then “it would
mean production of matter merely by its expansion”. This prediction was read-
ressed in detail by Parker2,3,4 in the late 60’s. However, gravitational particle
creation first hit the headlines in 1975, with the discovery of Hawking radiation
from black holes 5. Perhaps an even more intriguing discovery was made later that
year, by Unruh6 and independently by Davies7. They showed that an observer who
accelerates uniformly through flat empty space will also observe a thermal bath of
particles, at a temperature given by their acceleration. This means that a state
which is empty according to an inertial observer will not be empty according to
an accelerating observer, and hence it demonstrates that the concept of ‘vacuum’
(and hence of ‘particle’) must be observer-dependent. To see how these predictions
could arise, consider a globally hyperbolic spacetime, and for definiteness, consider
massive Dirac fermions. Then we have a field operator ψˆ(x) satisfying8,9:
(iγµ∇µ −m)ψˆ(x) = 0 (1)
where {γµ, γν} = 2gµν , ∇µψ ≡ ∂µψ + Γµψ and Γµ = 14γν∇µγν is the spin
connection. Since no interactions are present then we can expand ψˆ(x) in terms of
a complete set of normal modes as:
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=⇒ ψˆ(x) =
∑
i
{ui(x)ai + vi(x)b†i} (2)
However, these modes are no longer simple plane waves, so it is no longer obvious
which modes should be put with the ai operators and interpreted as particle modes,
and which should be put with the b†i operators and interpreted as antiparticle
modes. Two choices must be made. The ‘in’ modes {ui,in, vi,in}, chosen to represent
particle/antiparticle modes at early times, determine the ‘in’ vacuum |0in〉 by the
requirement:
ai,in|0in〉 = 0 = bi,in|0in〉
The ‘out’ modes {ui,out, vi,out} determine the ‘out’ number operator
Nˆout =
∑
i
{a†i,outai,out + b†i,outbi,out}
By expanding the ‘out’ modes in in terms of the ‘in’ modes we obtain:
ai,out =
∑
j
{αijaj,in + βijb†j,in} (3)
bi,out =
∑
j
{γ∗ija†j,in + ǫ∗ijbj,in} (4)
The number of ‘out’ particles in the ‘in’ vacuum is then given by:
〈0in|Nˆout|0in〉 = Trace(ββ† + γγ†) (5)
hence describing particle creation. The task of describing particle creation then
boils down to the question: How do we choose the ‘in’ and ‘out’ modes?
There are a large variety of methods proposed for this choice (see for instance
the common texts10,11 and the references therein), based on adiabatic expansions,
conformal symmetry, killing vectors, the diagonalisation of a suitable Hamiltonian,
or many other methods. Broadly speaking these methods are limited by one of
two drawbacks. Either they require the spacetime to possess certain desirable sym-
metries (deSitter, Killing vectors, conformal symmetries etc), or they give results
which depend on an arbitrary foliation of spacetime into ‘space’ and ‘time’. Mean-
while, although a choice of observer often motivates the choice of foliation (such
as in the Unruh effect), there is no systematic prescription for linking the chosen
observer to the chosen foliation.
Many of these drawbacks can be avoided by introducing a model particle
detector6,10,12,13. This provides an operational particle concept, which directly
incorporates the observers motion. However, it can not be used to define the par-
ticle/antiparticle modes, for a number of reasons. Firstly, because a detector only
counts particles on its trajectory, so could not for instance categorize the emptiness
of a state. More importantly, it would be circular. Provided a particle detector is
anything that detects particles, a particle cannot also be “anything detected by a
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particle detector”. Even if we stick only to ‘tried and tested’ detector models6,14,
then the question arises “what were they tested against?” - we must have in mind a
concept of particle before fashioning a concept of detector. (In the case of fermions
there are also technical difficulties12,13,15, meaning that the predictions of current
detector models are not always proportional to the number of particles present,
even for inertial detectors in electro-magnetic fields.)
In this article we offer a resolution to these difficulties16,17,18 which builds on
the so-called ‘Hamiltonian diagonalisation’ prescription19,20,21,22; a method criti-
cized in the past23 for its reliance on an arbitrarily chosen foliation of spacetime
(time coordinate). Our resolution lies in using the concept of ‘radar timea’ (origi-
nally introduced by Sir Hermann Bondi24,25,26 in his work on k-calculus) to uniquely
assign a foliation of spacetime to any given observer. The result is a particle inter-
pretation which depends only on the motion of the observer, and on the background
present, and which generalizes Gibbons’ definition27 to arbitrary observers and non-
stationary spacetimes. It also facilitates the definition of a number density operator,
allowing us to calculate not just the total asymptotic particle creation, but also to
say (with definable precision) where and when these particles were ‘created’.
Given the central role that radar time will play in this particle interpretation,
the next Section is devoted to describing radar time, while Section 3 describes the
application of radar time to an arbitrary observer in 1+1 Dimensional Minkowski
Space. The observer-dependent particle interpretation is defined and discussed in
Section 4. In Section 5 we return to 1+1 Dimensional Minkowski space, and describe
the massless Dirac Vacuum as seen by an arbitrarily moving observer. Conclusions
are presented in Section 6.
2 Radar Time
Consider an observer traveling on path γ : xµ = xµ(τ) with proper time τ , and
define:
τ+(x) ≡ (earliest possible) proper time at which a null geodesic leaving
point x could intercept γ.
τ−(x) ≡ (latest possible) proper time at which a null geodesic could
leave γ, and still reach point x.
τ(x) ≡ 12 (τ+(x) + τ−(x)) = ‘radar time’.
ρ(x) ≡ 12 (τ+(x) − τ−(x)) = ‘radar distance’.
Στ0 ≡ {x : τ(x) = τ0} = observer’s ‘hypersurface of simultaneity at time τ0’.
This is a simple generalization of the definition made popular by Bondi in his
work on special relativity and k-calculus24,25,28. It can be applied to any observer
in any spacetime. We can also define the ‘time-translation’ vector field:
kµ(x) ≡
∂τ
∂xµ
gσν ∂τ∂xσ
∂τ
∂xν
(6)
aAlso known29 as “Ma¨rzke-Wheeler coordinates”.
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Figure 1. Schematic of the definition of ‘radar time’ τ(x).
This represents the perpendicular distance between neighboring hypersurfaces of
simultaneity, since it is normal to these hypersurfaces and it satisfies kµ(x) ∂τ∂xµ = 1.
Radar time is independent of the choice of coordinates, and is single valued in the
observers causal envelope (the set of all spacetime points with which the observer
can both send and receive signals). An affine reparametrisation of the observers
worldline leads only to a relabeling of the same foliation, such that the radar time
always agrees with proper time on the observer’s path. It is invariant under ‘time-
reversal’ - that is, under reversal of the sign of the observer’s proper time.
We now illustrate these properties with a simple class of examples; observers
in 1+1 Dimensional Minkowski space. Some simple cosmological examples are
presented elsewhere18.
3 Arbitrary Observer in 1 + 1 Dimensions
Let the observers worldline be described by
x± ≡ t± x = x±λ (τλ) =
∫ τλ
e±α(τ)dτ
where τλ is the observers proper time, and α(τλ) is the observers ‘rapidity’ at
time τλ. e
α(τλ) is the obvious time-dependent generalization of the ‘k’ of Bondi’s k-
calculus24,25,28. The observers acceleration is a(τλ) =
dα
dτλ
. The observers worldline
is completely specified by the choice of origin (i.e. xµ(0)) and the rapidity function
α(τλ), or by the choice of origin, the initial velocity, and the function a(τλ).
It is straightforward to show that the coordinates τ± = τ ± ρ are given by:
x± = x±λ (τ
±)
while the metric in these coordinatesb is:
ds2 = e(α(τ
+)−α(τ−))(dτ2 − dρ2)
bFor convenience we have reversed the role of τ+ and τ− to the observers left, so that ρ plays the
role of a spatial (rather than radial) coordinate, being negative to the observers left - the radar
time is unchanged by this.
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We see that the radar coordinates are obtained from the Minkowski coordinates
simply by rescaling along the null axes. The ‘time-translation vector field’ 18,17 is
simply kµ ∂∂xµ =
∂
∂τ , while the hypersurfaces Στ are hypersurfaces of constant τ .
As a useful consistency check, consider an inertial observer with a velocity v
relative to our original frame. Then α is constant, and x±λ (τλ) = e
±ατλ. The
coordinates τ± are hence given by τ± = e∓αx± so:
τ = 12 (e
−αx+ + eαx−) =
t− vx√
1− v2 , ρ =
1
2 (e
−αx+ − eαx−) = x− vt√
1− v2
The radar coordinates of an inertial observer are just the coordinates of their rest
frame, as expected.
3.1 Constant Acceleration
The simplest nontrivial case is constant acceleration. In this case α(τ) = aτ , and
we have x±λ (τλ) = ±a−1e±aτλ which gives:
τ =
1
2a
log
(
x+ t
x− t
)
ρ =
1
2a
log
(
a2(x2 − t2)) (7)
ds2 = e2aρ(dτ2 − dρ2) (8)
These are Rindler coordinates, which cover only region U of Figure 2, as expected.
The hypersurfaces of constant τ are given by tτ0(x) = x tanh(aτ0).
Region II Region U
Figure 2. Hypersurfaces of simultaneity of a uniformly accelerating observer.
3.2 Gradual Turnaround Cases
Consider now an observer (Barbara say) who accelerates uniformly for |τλ| < τc,
but is otherwise inertial. Then α(τλ) = aτλ for |τλ| < τc and = ±aτc for τλ > τc or
< −τc respectively.
The hypersurfaces of simultaneity for this observer are shownc in Figure 3 (A).
For comparison we have included the standard ‘instantaneous rest frame’ in Figure
3 (B). The instantaneous rest frame suffers from being triple valued to the observers
cThis is also described elsewhere26, in the context of the well-known relativistic twin “paradox”.
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Barbara
U
Region II
C
C
C
C
C
C
Figure 3(A). Barbara’s hypersurfaces of constant
τ .
Barbara
Figure 3(B). Barbara’s instanta-
neous rest frames.
left. It is also sensitively dependent on the small-scale details of Barbara’s trajec-
tory. Consider for instance a small deviation of Barbara’s trajectory, like the small
dotted line in the turnaround point of Figures 3 (A) and 3 (B). In figure 3 (B) this
has serious effects - Barbara now assigns five times to events far to her left, and
three to events far to her right! In 3 (A) however, this change causes only a small
change in the times assigned to events in the vicinity of the points marked C.
A similar example is that of an observer with trajectory given by:
x±λ (τλ) =
∫ τλ
0
e±aτc tanh(τ/τc)dτ
This observer has acceleration a(τ) = a cosh−2(τ/τc), so is uniformly acceler-
ating for |τ | << τc and inertial for |τ | >> τc. We will return to this example
shortly.
4 An Observer-Dependent Particle Interpretation
Consider again the field operator:
ψˆ(x) =
∑
i
{ui,in(x)ai,in + vi,in(x)b†i,in} (9)
and the state |in〉 defined by ai,in|in〉 = 0 = bi,in|in〉. We will consider the time-
dependent particle content of this state, as measured by an observer O. We men-
tioned in the introduction that this definition stems from the diagonalisation of a
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suitable Hamiltonian. The Hamiltonian in question is:
Hˆ(τ) =
∫
Στ
√−g kµTµν(ψˆ, ψˆ)dΣν (10)
where Tµν(ψ, φ) =
1
2 i[ψ¯γ(µ∇ν)φ− (∇(µψ¯)γν)φ] (11)
Tµν(ψˆ, ψˆ) is the (unregularised) stress-energy tensor for Dirac fermions
10. Diago-
nalising this Hamiltonian22 entails expanding ψˆ as:
ψˆ(x) =
∑
i
ui,τ0(x)ai,τ0 +
∑
i
vi,τ0(x)b
†
i,τ0
+
∑
i
wi,τ0(x)ci,τ0 (12)
= ψˆ(+)τ0 (x) + ψˆ
(−)
τ0 (x) + ψˆ
(0)
τ0 (x) (13)
and choosing these modes such that the Hamiltonian becomes:
Hˆ(τ0) =
∑
ij
h
(+)
ij (τ0)a
†
i,τ0
aj,τ0 −
∑
ij
h
(−)
ij (τ0)bi,τ0b
†
j,τ0
(14)
where the matrices h(±) are positive definite. To consider the content of this re-
quirement, it is convenient to define the ‘1st quantized Hamiltonian’ Hˆ1(τ) (on the
space of finite-norm solutions of the Dirac equation) by:
〈ψ|Hˆ1(τ)|φ〉 =
∫
Στ
√−g kµTµν(ψ, φ)dΣν
Then equation (14) requires that {ui,τ0(x)} span the positive spectrum of Hˆ1(τ0),
{vi,τ0(x)} span the negative spectrum of Hˆ1(τ0), and {wi,τ0(x)} span the null space
of Hˆ1(τ0). The wi,τ0(x) will generally be states of compact support outside the
causal envelope of the observerd. Having defined ψˆ(±)(x) and ψˆ(0)(x) by this re-
quirement, we can now define the particle number operator on Στ0 , Nˆ
+
τ0 by:
Nˆ+τ0 =
∫
Στ0
√−g ¯ˆψ(+)τ0 γµψˆ(+)τ0 dΣµ =
∫
Στ0
√−g Jˆµ(+)dΣµ (15)
where Jˆµ(+) =
¯ˆ
ψ
(+)
τ(x)γ
µψˆ
(+)
τ(x) (16)
For any state and any chosen observer, the field 〈Jµ(+)〉 is a covariant vector
field, which can be interpreted as describing the ‘flow of particles’ as seen by this
observer. Jˆµ(+)dΣµ represents the number of particles in dΣµ. Similarly, the
antiparticle number operator is given by:
Nˆ−τ0 = − :
∫
Στ0
√−g ¯ˆψ(−)τ0 γµψˆ(−)τ0 dΣµ : =
∫
Στ0
√−g Jˆµ(−)dΣµ (17)
where Jˆµ(−) = − : ¯ˆψ(−)τ(x)γµψˆ
(−)
τ(x) : (18)
dHowever, even for inertial observers in electromagnetic backgrounds, there exist topologically
non-trivial backgrounds for which zero energy eigenstates exist, leading to the existence of frac-
tional charge30. Although such situations are straightforward to describe within the present
approach, we will not discuss them further here.
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The normal-ordering is with respect to the observers particle interpretation at
the time of measurement (i.e. the bi,τ ). These operators allow the observer to cal-
culate the total number of particles/antiparticles on Στ for all τ , and to determine
how this particle content is distributed throughout Στ . Although the total number
operator Nˆτ = Nˆ
+
τ + Nˆ
−
τ is necessarily non-local (no local operator could possi-
bly be consistent with the Unruh effect) it will generally be effectively local16,17 on
scales larger than the Compton length λc =
h
mc of the particle concerned. Equating
expressions (9) and (12) for ψˆ(x) gives:
ai,τ0 =
∑
j
{〈ui,τ0 |uj,in〉aj,in + 〈ui,τ0 |vj,in〉b†j,in} (19)
bi,τ0 =
∑
j
{〈vi,τ0 |uj,in〉∗aj,in + 〈vi,τ0 |vj,in〉∗b†j,in} (20)
which allows us to deduce for instance:
〈in|Nˆ+τ0 |in〉 = Trace(ββ†) (21)
〈in|Nˆ−τ0 |in〉 = Trace(γγ†) (22)
where βij(τ0) ≡ 〈ui,τ0 |vj,in〉 and γij(τ0) ≡ 〈vi,τ0 |uj,in〉 (23)
as in equation (5). Note that, in the presence of horizons, the observer O cannot
define a unique ‘vacuum state’ at any time τ0. All he can say is that “a state |0, τ0〉
is vacuum throughout Στ0” if:
ai,τ0 |0, τ0〉 = 0 = bi,τ0 |0, τ0〉
for all i. This condition is not unique, since we have said nothing about ci,τ0 |0, τ0〉.
This is a natural limitation however; since O cannot communicate with points
outside his causal envelope, we can’t expect him to be able to determine particle
content in such regions.
Although we have specified the ‘out’ modes {ui,τ , vi,τ} for all possible ‘out
times’, we have not yet discussed the choice of ‘in’ modes {ui,in, vi,in}. This choice
is largely a question of convenience, and depends on what state we wish to consider
the properties of. In the absence of particle horizons (when ψˆ(0) = 0) we may wish
the ‘in’ state to be our observers ‘in-vacuum’ |0, τin〉 prepared at some ‘in’ time τin.
Alternatively, we may wish that the state |in〉 be prepared by someone other than
the observer. This will be the case shortly, where the content of the inertial vac-
uum will be studied by an accelerating observer. Or we may wish (as is common in
cosmological applications) to consider a state |in〉 which is never considered ‘empty’
by any observer, but is instead justified by symmetry considerations10.
5 The Massless Dirac Vacuum in 1+1 Dimensions
As a concrete example of these definitions, consider now the massless Dirac vac-
uum |0M 〉 of flat 1+1 Dimensional Minkowski space, as measured by an arbitrarily
moving observer (more detail is presented elsewhere31). Then the ‘in’ modes are
the plane wave states, which can be written in the massless case as:
up,±,in(x) = e
−ipx∓φ±, vp,±,in(x) = e
ipx∓φ± for p > 0 (24)
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where the subscript ± denotes forward/backward moving modes, and the basis
spinors φ± satisfy γ¯1γ¯0φ± = ±φ± where γ¯µ are the flat space Dirac matrices in
1+1 Dimensions. It can be shown31 that the modes:
uω,±,O = e
±
1
2α(τ
∓)e−iωτ
∓
φ± vω,±,O = e
±
1
2α(τ
∓)eiωτ
∓
φ± for ω > 0
(25)
diagonalise Hˆ(τ) for all τ . Substituting (24) and (25) into (23) and calculating the
integral over p > 0 that is implicit in the Trace, gives:
(ββ†)ωω′,± = 2
∫ ∞
−∞
dτae
−iωdτa
∫ ∞
0
dτd sin(ωaτd)g±(τa, τd) = (γγ
†)∗ωω′,± (26)
where g±(τa, τd) =
1
τd
− exp
(
∓1
2 (α(τa + τd/2) + α(τa − τd/2))
)
∫ τd/2
−τd/2
exp(∓α(τa + τ))dτ
(27)
ωa =
1
2 (ω + ω
′) and ωd = ω
′ − ω (28)
From these we can deduce that31 the distribution n+F (x) of forward moving
particles exactly matches the distribution of forward moving antiparticles, and is
given by:
nF (τ
−) =
∫ ∞
−∞
dτ
2πτ
g+(τ
− + τ, τ) =
∫ ∞
0
dωa
2π
nF,ω(τ
−) (29)
where nF,ω(τ
−) =
∫ ∞
−∞
dτa
sin[ω(τ− − τa)]
π(τ− − τa)
∫ ∞
0
dτd sin(ωτd)g+(τa, τd) (30)
This is a function only of τ− = τ − ρ, as would be expected for forward-moving
massless particles. It is defined such that nF (τ
−)dρ gives the number of particles
within dρ of the point (τ, ρ). The function nF,ω(τ
−) can be interpreted as the
frequency distribution of forward moving particles/antiparticles at the point τ−.
Equation (30), together with (27),expresses this distribution anywhere in the space-
time, directly in terms of the observers rapidity. Similarly, the spatial distribution
of backward-moving particles matches that of backward moving antiparticles, and
can be defined by nB(τ
+) =
∫∞
0
dω
2pi nB,ω(τ
+) where the expressions for nB,ω(τ
+)
and nB(τ
+) are as above, but with g+ replaced with g− and τ
− replaced with
τ+. Notice that if the observers worldline is time-symmetric about τλ = 0 then
α(−τλ) = −α(τλ) which gives nF,ω(τ ′) = nB,ω(−τ ′) for all τ ′. On the hypersurface
τ = 0 for instance, where τ± = ±ρ this implies that the distribution of forward
moving particles exactly matches that of backward moving particles. On the ob-
servers worldline on the other hand, the distribution of forward moving particles is
the time-reverse of that for backward moving particles.
As a consistency check, consider again an inertial observer. Then α is constant,
so g±(τa, τd) = 0, and the particle content is everywhere zero, as expected. We now
consider other examples.
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5.1 Constant Acceleration
For a uniformly accelerating observer we have:
g+(τa, τd) = g−(τa, τd) =
1
τd
− a
2 sinh
(
aτd
2
)
which is independent of τa. Hence the forward and backward moving particles
are each distributed uniformly in ρ for all τ , and the frequency distribution is
everywhere given by:
nF,ω = nB,ω = 2
∫ ∞
0
dτd sin(ωτd)
(
1
τd
− a
2 sinh
(
aτd
2
)
)
(31)
=
2π
1 + e
2piω
a
(32)
which is a thermal spectrum at temperature T = a2pikB , as expected.
-6 -4 -2 2
a x
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2
3
4
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a
Figure 4(A). nω(ρ)/a as a function of aρ, for
m = a and ω = a/4 (lowest curve), a, and 4a
(most oscillatory curve).
-6 -4 -2 2 4
0.1
0.2
0.3
0.4
0.5
Figure 4(B). n(ρ)/a as a function of aρ, for
m = a/10 (right curve), a and 10a (left curve).
For comparison, briefly consider the case of massive fermions in 1+1 Dimensions
(which no longer decompose into forward/backward moving modes). In this case
the spatially averaged frequency distribution8,12,32,18 is as in (32), but the massive
particles are no longer distributed uniformly in ρ (although the distribution is
completely independent of τ). Nor is the spatial distribution independent of ω.
Figure 4 shows the spatial distribution of Rindler particles in this case18. Figure 4
(A) shows nω(ρ)/a as a function of aρ for m = a and ω = a/4 (lowest curve), a,
and 4a (most oscillatory curve), while Figure 4 (B) shows n(ρ)/a as a function of
aρ, for m = a/10 (right curve), a and 10a (left curve). These can be understood
by considering that these particles see an ‘effective mass gap’ of 2meaρ. Each
frequency penetrates to a value of ρ for which meaρ ∼ ω. Changing the ratio m/a
is equivalent to a translation in ρ. We see that in general the particle number
density is uniform to the observer’s left and negligible to the observer’s right, with
the transition happening at ρ ∼ 1a log
(
a
m
)
. As m→ 0 this transition point goes to
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Figure 5. nF,B(ρ)/a as a function of aρ for τ = 0 and aτc = 1 (bottom curve), 3, 10, 30, 100 and
∞ (top curve).
∞, reproducing the spatial uniformity of the massless limit. However, for non-zero
m and realistic accelerations, the particle density is small even at low ρ (where it
is ∝ a), while the transition to a negligible density occurs far to the observer’s left.
5.2 Gradual Turnaround Observer
Returning to the massless case, consider now the observer with acceleration
a(τλ) = a cosh
−2
(
τλ
τc
)
Their rapidity is α(τλ) = aτc tanh(τ/τc). They are accelerating uniformly for
|τ | << τc, but are inertial at asymptotically early and late times (with velocity
± tanh(aτc)). There are no particle horizons in this case; the observers causal en-
velope covers the whole spacetime. By substituting the rapidity into equation (27)
we immediately obtain the spatial distribution of forward or backward moving par-
ticles. At time τ = 0 these distributions are equal. They are shown in Figure 5,
as a function of aρ for aτc = 1 (bottom curve), 3, 10, 30, 100 and ∞ (top line). As
τc increases the particle density increases, and approaches the spatial uniformity of
the τc →∞ limit.
In Figure 6 we have shown the frequency distribution nF,ω(ρ) of forward-moving
particles, as a function of ω/a for τ = 0. In Figure 6 (A) we have ρ = 0 and
aτc = 3, 10, 30 and ∞. We can clearly see that the distribution approaches thermal
as τc is increased. In Figure 6 (B) aτc = 10 and aρ = ±10. We have also included
a plot corresponding to a thermal spectrum appropriate to a constant acceleration
of a cosh−2(1). The difference between the actual spectrum and the thermal spec-
trum is more significant here. Since nF,B depend only on τ
± respectively, then
Figure 6 (B) also represents the distribution of forward/backward moving particles
on the observers worldline, at τλ = 10/a. We see that the observer sees a dif-
ferent number of forward moving particles than backward moving particles. The
forward/backward moving distributions are the reverse at τ = −10/a.
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Figure 6(A). nF,ω(ρ) as a function of ω/a for
ρ = 0 = τ , and aτc = 3, 10 and 30.
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Figure 6(B). nL,R,ω(ρ) as a function of ω/a
for τ , aτc = 10 and aρ = ±10.
6 Conclusion
Particle creation has been discussed, as seen by non-inertial observers in gravi-
tational backgrounds. The observer-dependence of the particle interpretation has
been emphasised, and the problem of foliation dependence discussed. Bondi’s24,25,28
radar time has been introduced, which provides an observer-dependent foliation
of spacetime, depending only on the observers motion, and not an any choice of
coordinates. We have argued that this observer-dependent foliation resolves the
problem of foliation dependence, by uniquely connecting it to the known observer-
dependence of the particle concept (demonstrated by effects such as the Unruh6,7
effect). The result is a particle interpretation which depends only on the motion
of the observer, and on the background present, and which generalizes Gibbons’
definition27 to arbitrary observers and non-stationary spacetimes. It also facilitates
the definition of a number density operator, allowing us to calculate not just the
total asymptotic particle creation, but also to say (with definable precision) where
and when these particles were ‘created’. By incorporating the motion of the ob-
server/detector, it links the ‘Bogoliubov coefficient’ approach to particle creation
with that provided by operational ‘detector’ models, and provides a concrete answer
to to the question “what do particle detectors detect?” Concrete applications of
these definitions have been presented, to non-inertial observers in 1+1D Minkowski
spacetime (other examples are presented elsewhere18). We have shown how the
thermal spectrum associated with a uniformly accelerating observer emerges as the
limit of a class of ‘smooth turn-around’ observers, none of whom have acceleration
horizons.
This conference, on “Time and Matter”, has fueled much successful discussion
of the role of time in physics, and the conceptual tensions that often surround it. In
this contribution I have described what I believe to be quite a deep connection be-
tween ‘time’ and ‘matter’. That is, between our concept of ‘simultaneity’, and our
concepts of ‘particle’ and ‘vacuum’. It is also hoped that some light may have been
shed on the well-known conceptual tension between the ‘effectively absolute’ role
that time plays in quantum mechanics, and the role it plays in general relativity,
where it is just one coordinate in a covariant theory. While the relevance and faint-
ness of this light is for the reader to decide, the availability of radar time appears to
suggest that there need not be any inconsistency between the foliation dependence
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of quantum mechanics, and the coordinate covariance of general relativity, provided
the role of the observer is properly considered.
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